). While evidence is accumulating that the CB1 receptor plays important regulatory roles in various nervous tissues and cells, the physiological roles of the CB2 receptor, which is abundantly expressed in the immune system, are yet to be determined. In this study, we examined in detail the effect of 2-arachidonoylglycerol on the phagocytosis of opsonized zymosan by HL-60 cells that had differentiated into macrophage-like cells. We found that the addition of 2-arachidonoylglycerol augmented the phagocytosis of opsonized zymosan by the differentiated HL-60 cells. The effect was observed from 1 nM and increased with increasing concentrations of 2-arachidonoylglycerol. Treatment of the cells with SR144528 or pertussis toxin abolished the effect of 2-arachidonoylglycerol, indicating that the CB2 receptor and Gi/o are involved in the augmented phagocytosis. Phosphatidylinositol 3-kinase and extracellular signal-regulated kinase were also suggested to be involved; treatment of the cells with wortmannin or PD98059 abrogated the 2-arachidonoylglycerol-augmented phagocytosis. These results strongly suggest that 2-arachidonoylglycerol, derived from stimulated inflammatory cells, has an important role in augmenting the phagocytosis of invading microorganisms by macrophages/monocytes thereby stimulating inflammatory reactions and immune responses.
-THC), a major psychoactive ingredient of marijuana, exerts diverse pharmacological effects on various mammalian tissues and cells by interacting with specific receptors, i.e., the cannabinoid receptors. Two types of G protein-coupled receptors have been identified as the cannabinoid receptors: the CB1 receptor abundantly expressed in the brain 1, 2) and the CB2 receptor predominantly expressed in the lymphoid organs such as the spleen and tonsils. 2, 3) There is mounting evidence that the CB1 receptor plays an essential role in the regulation of synaptic transmission in the brain. 4, 5) On the other hand, the CB2 receptor has long been assumed to be involved in the regulation of inflammatory reactions and immune responses, 2, 3) yet the details remain to be elucidated.
Two arachidonic acid-containing molecules have been reported as endogenous ligands for the cannabinoid receptors: N-arachidonoylethanolamine (anandamide) 6 ) and 2-arachidonoylglycerol (2-AG). 7, 8) Previously, we investigated in detail the structure-activity relationship of cannabinoid receptor ligands and found that 2-AG is the most efficacious agonist among the various structural analogs and homologs thus far examined. [9] [10] [11] Importantly, 2-AG acted as a full agonist toward these cannabinoid receptors in various assay systems, [9] [10] [11] [12] [13] [14] whereas anandamide often acted as a partial agonist. Based on these experimental results, we proposed that 2-AG, rather than anandamide, is the true natural ligand for the cannabinoid receptors. [9] [10] [11] 2-AG elicits a variety of biological responses in various nervous tissues and cells. 15) For example, 2-AG induced a Ca 2ϩ transient in NG108-15 cells, 9, 10) the inhibition of longterm potentiation 16) and the inhibition of synaptic transmission 17) in rat hippocampal slices, and the inhibition of voltage-gated Ca 2ϩ channels and the activation of inwardly rectifying K ϩ channels in rat sympathetic neurons 18) via CB1 receptor-dependent mechanisms. On the other hand, not much information is available concerning the effects of 2-AG on inflammatory cells and immune-competent cells which express the CB2 receptor.
Recently, we found that 2-AG stimulates the functions of several types of leukocytes such as macrophages in a CB2 receptor-dependent fashion. 11, [19] [20] [21] [22] [23] [24] [25] The stimulation by 2-AG of several cellular functions of leukocytes, such as migration, has been reported by other investigators. 26, 27) We also found that 2-AG and the CB2 receptor play crucial stimulative roles in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced acute inflammation 28) and oxazolone-induced allergic inflammation 29) in the mouse ear. These observations point to the essential roles of 2-AG and the CB2 receptor in the stimulation of various types of inflammatory reactions and immune responses. Meanwhile, several investigators suggested that the CB2 receptor and 2-AG play suppressive roles in inflammatory reactions and immune responses. [30] [31] [32] [33] It is essential to determine whether 2-AG stimulates or suppresses inflammatory reactions and immune responses in order to fully elucidate the physiological significance of 2-AG in the immune system.
In this study, we examined in detail the effect of 2-AG on the phagocytosis of opsonized zymosan by HL-60 cells that had differentiated into macrophage-like cells. We found that the addition of 2-AG markedly enhanced the phagocytosis of the opsonized zymosan particles by differentiated HL-60 cells. Possible physiological and pathophysiological implications of the 2-AG-augmented phagocytosis are discussed. Phagocytosis of Opsonized Zymosan Particle The zymosan particles were opsonized using opsonizing reagents containing human IgG and human serum. The HL-60 cells (2ϫ10 5 ), that had differentiated into macrophage-like cells, were suspended in 200 ml of RPMI1640 medium containing 0.1% BSA in a round-bottom polypropylene tube. The cells were then incubated with the opsonized zymosan particles (1ϫ10 6 ) at 37°C for 60 min in the presence of 1 mM 2-AG or the vehicle dimethyl sulfoxide (DMSO) (final, 0.2%, v/v). The number of cells phagocytizing the particles was determined by fluorescence microscopy after the fluorescence of the zymosan particles bound to the cell surface, but not the internalized particles, was quenched by trypan blue. In some experiments, the number of cells phagocytizing opsonized zymosan was determined using a flow cytometer (ELITE; Beckman Coulter, Fullerton, CA, U.S.A.). In this case, the cells were separated from the unphagocytized zymosan by positive selection using MACS CD14 magnetic beads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) prior to the flow cytometry. A 15 mW argon-ion laser was used for the excitation at 488 nm and the fluorescence was detected through a 530 nm band-pass filter. Data from 30000 events per sample were acquired and analyzed using ELITE software.
MATERIALS AND METHODS

Chemicals
Analysis of the Expression of b b
Integrins Differentiated HL-60 cells (1ϫ10 6 ) suspended in 100 ml of PBS (Ϫ) containing 0.1% BSA were then treated with the anti-b1 integrin antibody, anti-b2 integrin antibody or anti-b3 integrin antibody (1 mg each) at 4°C for 30 min. Following a wash with PBS (Ϫ), the FITC-conjugated goat anti-mouse IgG was added to the cells as the secondary antibody. The cellassociated fluorescence was then measured using a flow cytometer. Data from 5000 events per sample were acquired and analyzed using ELITE software.
Western Blot Analysis Differentiated HL-60 cells (1ϫ10 6 ) were incubated in 250 ml of 5 mM HEPES-RPMI1640 medium (pH 7.3) containing 0.1% BSA at 37°C for 0.5-10 min in the presence or absence of 2-AG (1 mM). The cells were then lysed with 30 ml of lysis buffer (pH 7.3) containing 20 mM HEPES, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 50 mM sodium fluoride, 2.5 mM p-nitrophenyl phosphate, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium orthovanadate, and 10 mg/ml of leupeptin. The extract was centrifuged at 15000 g for 20 min and the supernatant was aspirated into another tube. The protein extracts (18 ml for Akt, 5 ml for ERK and p38 MAP kinase and 10 ml for JNK) were fractionated by SDS-PAGE on 10% gels and transferred to nitrocellulose membranes. The membranes were blocked with ImmunoBlock ® at room temperature (24°C) for 60 min. They were then incubated overnight with the anti-phospho-Akt antibody (1 : 1000), anti-phospho-p38 MAP kinase antibody (1 : 4000) or anti-phospho-JNK antibody (1 : 1000) in ImmunoBlock ® at 4°C. The membranes were washed with 40 mM Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and incubated with the anti-rabbit IgG horseradish peroxidase-linked antibody (1 : 2000 for Akt and 1 : 4000 for p38 MAP kinase and JNK) at room temperature (24°C) for 60 min. After further washing, the membranes were analyzed with the ECL plus reagent. Western blotting of the total Akt, p38 MAP kinase, or JNK was carried out as follows. The membranes were incubated in a stripping buffer composed of 62.5 mM Tris-HCl (pH 6.7), 2% SDS and 100 mM 2-mercaptoethanol at 50°C for 40 min to strip the used antibody off the membranes. After incubation, the membranes were blocked with ImmunoBlock ® , and then an immunoblot reaction was performed using the primary antibody, anti-Akt antibody (1 : 2000), anti-p38 MAP kinase antibody (1 : 4000), or anti-JNK antibody (1 : 2000), followed by the secondary antibody, the anti-rabbit IgG antibody (1 : 4000 for Akt and p38 MAP kinase and 1 : 2000 for JNK). The membranes were analyzed using the ECL plus reagent. For the analysis of total ERK, the membranes were first incubated overnight with the anti-ERK antibody (1 : 4000) in ImmunoBlock ® at 4°C. The membranes were washed with TBS-T and incubated with the anti-rabbit IgG horseradish peroxidase-linked antibody (1 : 2000) for 60 min at room temperature (24°C). After further washing, the membranes were analyzed using the ECL plus reagent. For the analysis of the phosphorylated ERK, the membranes were incubated in a stripping buffer to strip the antibody off. The membranes were then treated with the primary antibody, the anti-phospho-ERK antibody (1 : 6000), and the secondary antibody, anti-rabbit IgG antibody (1 : 4000), and analyzed using the ECL plus reagent.
Statistical Analysis A statistical analysis was performed 5) . A p value of Ͻ0.05 was considered to be significant.
RESULTS
Effects of 2-AG on the Phagocytosis of Opsonized Zymosan by HL-60 Cells Differentiated into MacrophageLike Cells
We first examined the effects of 2-AG on the phagocytosis of opsonized zymosan particles by HL-60 cells that had differentiated into macrophage-like cells. As shown in Fig. 1A , treatment with 2-AG (1 mM) increased the proportion of cells phagocytizing opsonized zymosan. The effect of 2-AG was observed from 10 nM and increased with increasing concentrations of 2-AG (Fig. 1B) . The average number of opsonized zymosan particles present in the phagocytizing cells was 1.2 for both the vehicle-treated control and 2-AG (1 mM)-stimulated cells at 60 min, suggesting that the number of phagocytizing cells rather than the number of phagocytized zymosan particles per cell increased following the 2-AG-treatment at least under the present experimental conditions. Similar results were obtained from a flow cytometric analysis (data not shown).
Effects of the CB2 Receptor Antagonist SR144528 and PTX on 2-AG-Augmented Phagocytosis of Opsonized Zymosan by HL-60 Cells Differentiated into MacrophageLike Cells The effects of SR144528, a CB2 receptor antagonist, and PTX on the 2-AG-augmented phagocytosis of opsonized zymosan were examined next. We found that the addition of SR144528 (3 mM) to the differentiated HL-60 cells blocked the augmenting effect of 2-AG (1 mM) ( Fig. 2A) . We then examined the effect of PTX-treatment on the 2-AG-augmented phagocytosis. As demonstrated in Fig. 2B , pretreatment of the cells with PTX (100 ng/ml) abolished the effect of 2-AG (1 mM). These results suggest that the CB2 receptor and Gi/o are involved in the 2-AG-augmented phagocytosis of opsonized zymosan by differentiated HL-60 cells.
Effects of 2-AG and Several Cannabinoid Receptor Ligands and Their Structural Analogs on the Phagocytosis of Opsonized Zymosan by HL-60 Cells Differentiated into Macrophage-Like Cells
The abilities of several cannabinoid receptor agonists to augment the phagocytosis were examined next. The addition of 2-AG (1 mM) augmented the phagocytosis of opsonized zymosan (Fig. 3A) . CP55940 (1 mM), WIN55212-2 (1 mM) and HU-210 (1 mM) also augmented the phagocytosis. In contrast, WIN55212-3 (1 mM), an inactive isomer of WIN55212-2, had no effect. We next examined the effects of several structural analogs of 2-AG (Fig. 3B) . 2-AG ether (1 mM), a non-hydrolyzable etherlinked analog, enhanced the phagocytosis similar to 2-AG. Notably, another endogenous cannabinoid receptor ligand anandamide (1 mM) failed to augment the phagocytosis. Free arachidonic acid (1 mM) did not affect the phagocytosis either.
Analysis of the Expression of b b Integrins on the Surface of HL-60 Cells Differentiated into Macrophage-Like Cells
The molecules involved in the 2-AG-augmented phagocytosis were then investigated. We first examined the expression of the b integrins in differentiated HL-60 cells, since zymosan particles opsonized using serum are known to interact with b integrins, such as b2 integrin, expressed on the surface of various types of leukocytes 34) ; two complement receptors CR3 (CD11b/CD18) and CR4 (CD11c/ CD18), which act as phagocytic receptors, belong to the integrin receptor family and both types contain an integrin b2 chain. As depicted in Fig. 4 , both the b1 integrin and b2 integrin were expressed on the surface of the differentiated HL-60 cells, whereas the b3 integrin was not.
Effects of Anti-b b Integrin Antibodies on 2-AG-Augmented Phagocytosis of Opsonized Zymosan by HL-60 Cells Differentiated into Macrophage-Like Cells
The effects of the anti-b1 integrin antibody and anti-b2 integrin antibody on the 2-AG-augmented phagocytosis of opsonized zymosan particles were examined next. As demonstrated in Fig. 5 , treatment of the cells with the anti-b2 integrin antibody (5 mg/ml) abrogated the effect of 2-AG. On the other hand, the anti-b1 integrin antibody (5 mg/ml) had no effect. These results suggest that the b2 integrin takes part in the stimulative effect of 2-AG on the phagocytosis.
Effects of 2-AG on Akt, ERK, p38 MAP Kinase and JNK in HL-60 Cells Differentiated into Macrophage-Like Cells
We next examined whether several protein kinases, which participate in intracellular signaling, are involved in the 2-AG-augmented phagocytosis. We first explored the effects of 2-AG on Akt, ERK, p38 MAP kinase and JNK in the differentiated HL-60 cells. As demonstrated in Fig. 6A , 2-AG (1 mM) induced a rapid phosphorylation of Akt. The phosphorylation was transient, being detectable from 0.5 min and sustained for at least 2 min. 2-AG-induced phosphorylation was also observed for ERK (Fig. 6B ) and p38 MAP kinase (Fig. 6C) . On the other hand, the effect of 2-AG on JNK was marginal (Fig. 6D) . The vehicle DMSO did not affect the phosphorylation of Akt, ERK, the p38 MAP kinase, or JNK (data not shown).
Effects of Wortmannin, PD98059 and SB203580 on 2-AG-Augmented Phagocytosis by HL-60 Cells Differentiated into Macrophage-Like Cells The effects of wortmannin, a phosphatidylinositol 3-kinase inhibitor, PD98059, a MEK inhibitor, and SB203580, a p38 MAP kinase inhibitor, on the 2-AG-augmented phagocytosis of opsonized zymosan were examined next. As demonstrated in Fig. 7A , the effect of 2-AG (1 mM) was abolished by treatment of the cells with wortmannin (200 nM). PD98059 (20 mM) also suppressed the effect of 2-AG (Fig. 7B) . On the other hand, SB203580 (20 mM) did not markedly affect the 2-AG-augmented phagocytosis (Fig. 7C) . These results suggest that the phosphatidylinositol 3-kinase/Akt pathway and MEK/ERK pathway are involved in the 2-AG-augmented phagocytosis of opsonized zymosan.
DISCUSSION
The CB2 receptor is abundantly expressed in various types of inflammatory cells and immune-competent cells such as B lymphocytes, 35) natural killer cells, 25, 35) macrophages/monocytes, 35) eosinophils, 23) mast cells, 36) and dendritic cells. Notably, the expression of the CB2 receptor in mammalian tissues and cells other than those of the immune system is usually very weak. 2, 3) These experimental findings implied that the CB2 receptor plays some essential role in the regulation of inflammatory reactions and immune responses 2, 3, [38] [39] [40] [41] [42] although the exact physiological functions of the CB2 receptor are yet to be defined. The available information concerning the biological activities of the endogenous ligand 2-AG toward inflammatory cells and immunecompetent cells is also limited.
Previously, Kaminski and co-workers 30) reported that 2-AG either suppressed or potentiated the proliferation of murine lymphocytes. They also demonstrated that 2-AG suppressed the interleukin-2 (IL-2) gene expression in murine T lymphocytes by down-regulating a nuclear factor. 31) As for macrophages, Gallily et al. 32) reported that 2-AG suppressed the production of TNF-a in lipopolysaccharide (LPS)-stimulated mouse macrophages. Chang et al. 33) demonstrated that 2-AG inhibited the production of IL-6 in LPS-stimulated J774 macrophage-like cells. These experimental results may suggest that 2-AG exerts suppressive effects on inflammatory cells and immune-competent cells. It remains unclear, however, whether the effects of 2-AG observed in vitro are actually mediated through the cannabinoid receptors. Presumably, the suppressive effects of exogenous 2-AG are due to arachidonic acid metabolites derived from 2-AG rather than 2-AG itself in some cases.
Meanwhile, we focused on the roles of 2-AG as a CB2 receptor agonist using several types of inflammatory cells and immune-competent cells. We found that 2-AG induced a Ca 2ϩ transient in HL-60 cells, 11) the activation of ERK, 19) acceleration of the production of chemokines such as IL-8 in HL-60 cells, 21) and the migration of HL-60 cells that had differentiated into macrophage-like cells 20) and human natural killer cells 25) and eosinophils. 23) It appears that these effects of 2-AG were mediated via the CB2 receptor; treatment of the cells with SR144528 completely blocked the responses to 2-AG. Several investigators also demonstrated that 2-AG induced the migration of mouse splenocytes, 26) microglia cells, 27) and dendritic cells 43) via CB2 receptor-dependent mechanisms. We also found that the level of 2-AG in the mouse ear was markedly elevated following an acute inflammation induced by TPA 28) or allergic inflammation induced by oxazolone. 29) Notably, treatment of the ear with SR144528 suppressed the swelling induced by TPA 28) or oxazolone. 29) These results strongly suggest that 2-AG and the CB2 receptor play important stimulative roles in inflammatory reactions and immune responses. Despite these studies, however, no information is available concerning the effect of 2-AG on phagocytosis which is an important characteristic of various types of leukocytes and is a crucial step in the induction of innate and acquired immu- ) were incubated in 250 ml of 5 mM HEPES-RPMI1640 medium (pH 7.3) containing 0.1% BSA at 37°C for the indicated periods of time in the presence or absence of 2-AG (1 mM). Cells (1ϫ10 6 ) were then lyzed with 30 ml of lysis buffer (pH 7.3). Protein extracts were fractionated by SDS-PAGE on 10% gels and transferred to nitrocellulose membranes. A western blot analysis was performed using anti-Akt antibody, anti-ERK antibody, anti-p38 MAP kinase antibody, anti-JNK antibody, anti-phospho-Akt antibody, anti-phospho-ERK antibody, anti-phospho-p38 MAP kinase antibody, and anti-phospho-JNK antibody as described in the Materials and Methods. The result is representative of three separate experiments which gave similar results. nity. Several investigators have demonstrated that D 9 -THC suppresses the phagocytic activity of macrophages. [44] [45] [46] It should be noted, however, that D 9 -THC often acts as a weak partial agonist or antagonist toward the CB2 receptor 11, 47) ; the suppressive effects of D
9
-THC on phagocytosis may be attributed to interference with the actions of the endogenous ligand, i.e., 2-AG, at the CB2 receptor. In the present study, we examined in detail the effect of 2-AG on the phagocytosis of opsonized zymosan by HL-60 cells that had differentiated into macrophage-like cells. We found that the addition of 2-AG enhanced the phagocytosis of opsonized zymosan (Figs.  1-3) , although the magnitude of the augmentation was not so pronounced. A similar result was observed with human peripheral blood monocytes (Gokoh M. and Sugiura T., unpublished result). To our knowledge, this is the first report of a cannabinoid receptor agonist, such as 2-AG, augmenting phagocytosis.
The mechanism underlying the 2-AG-augmented phagocytosis has not been fully elucidated. The CB2 receptor and Gi/o appear to be involved because treatment of the cells with SR144528 or PTX abolished the effect of 2-AG (Fig. 2) . The b2 integrin was also suggested to be involved; the antib2 integrin antibody abrogated the 2-AG-augmented phagocytosis (Fig. 5 ). This appears to be rational, inasmuch as two major phagocytic receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18) belong to the b2 integrin. Although additional studies are necessary to draw a conclusion, it is conceivable that 2-AG enhances the adhesion of the cell to opsonized zymosan particles thereby augmenting the phagocytosis. We have previously demonstrated that 2-AG enhanced the adhesion of differentiated HL-60 cells to adhesion molecules such as fibronectin and VCAM-1. 24) Concerning intracellular signaling, we obtained evidence that the phosphatidylinositol 3-kinase/Akt pathway and MEK/ERK pathway are involved in the 2-AG-augmented phagocytosis (Figs. 6, 7) . As for phosphatidylinositol 3-kinase, a number of investigators have demonstrated its participation in phagocytosis. 34) Several lines of evidence suggest that phosphatidylinositol 3-kinase plays important roles in the modulation of the assembly of the actin filament system 48) and the redistribution of membranes, 49) both of which are essential for the process of phagocytosis, yet little is known concerning the case of cannabinoid receptor agoniststimulated cells. Recently, we explored the possible roles of phosphatidylinositol 3-kinase in 2-AG-stimulated HL-60 cells that had differentiated into macrophage-like cells and found it essential for rapid actin polymerization. 22) We also found that the phosphatidylinositol 3-kinase/Akt pathway takes part in the 2-AG-enhanced adhesion of differentiated HL-60 cells to adhesion molecules. 24) By combining these results, it seems possible that 2-AG stimulates phosphatidylinositol 3-kinase and Akt thereby inducing actin rearrangement, which then leads to increased cell adhesion and augmented phagocytosis.
The role of ERK during phagocytosis is not yet clear. There are reports that ERK is involved in phagocytosis. 50, 51) However, there are also reports that phagocytosis takes place independent of ERK. 52, 53) Thus, it appears that ERK is involved in some cases, but not in others, depending on the type of cell and type of phagocytized material. Elucidation of the role of ERK in 2-AG-augmented phagocytosis requires further investigation.
What then is the physiological or pathophysiological significance of the 2-AG-augmented phagocytosis? It has already been demonstrated that various types of inflammatory cells and immune-competent cells generate 2-AG when stimulated, for example, the LPS-stimulated rat macrophages, LPS-or ionomycin-stimulated J774 mouse macrophage-like cells, 54) and platelet activating factor-stimulated P388D1 mouse macrophage-like cells 55) and RAW264.7 cells. 56) Consistent with the experimental results in vitro, we confirmed that the level of 2-AG was markedly elevated in inflamed tissues in vivo. 28, 29) These observations, together with those in the present study, led us to postulate the following scenario with respect to the role of 2-AG in inflammation and immune responses: various types of inflammatory cells and immunecompetent cells generate 2-AG when stimulated, either directly or indirectly, by invading microorganisms. The generated 2-AG then stimulates, in an autocline and/or paracline fashion, several other types of inflammatory cells and immune-competent cells which express the CB2 receptor to augment their phagocytic activity. Such a mechanism would be helpful for the rapid elimination of invading microorganisms and contributes to the self-defense mechanism against infection. Detailed studies concerning the physiological and pathophysiological implications of the 2-AG-augmented phagocytosis are now underway in our laboratory.
In conclusion, we found that 2-AG augmented the phagocytosis of opsonized zymosan by HL-60 cells that had differentiated into macrophage-like cells via a CB2 receptor-dependent mechanism. 2-AG and the CB2 receptor may play important stimulative roles in various inflammatory reactions and immune responses. A thorough elucidation of the physiological and pathophysiological significance of 2-AG and the CB2 receptor is thus essential for a better understanding of the precise regulatory mechanism underlying various inflammatory reactions and immune responses.
